e prestress loss is one of the main factors affecting the safety of prestressed concrete structure. While the detecting signals like sound and light are difficult to spread in steel strands, there is no effective method for prestress detection of the bonded prestressed steel strands in existing structures yet. In this paper, taking into consideration that the electromagnetic oscillation characteristic can make the signal propagate effectively on the bonded prestressed steel strands, a nondestructive prestress detection method based on the electromagnetic effect to detect oscillation frequency is proposed. In a detection circuit, the steel strands are simulated as an inductance component, in which an induced electromagnetic signal passes through the steel strands to form resonance. And then, a frequency meter is used to detect the oscillation frequency of the resonant circuit. e oscillation frequency is supposed to have relationship with the prestress loading on the steel strands. A section of steel strands with a length of 1.2 m is adopted to test the correlation of stress and oscillation frequency. Both the theoretical and experimental results show that the resonant frequency of the circuit decreases with the increase of the stress of the strand and is linear in a certain range.
Introduction
Prestressed concrete structures are widely used in civil engineering and hydraulic engineering because of their advantages of reducing deformation, improving bearing capacity and cracking resistance. However, the stress relaxation of prestressing tendons, the occurrence of cracks and shrinkage of concrete, and the deformation of anchorages result in loss of prestress. is will decrease the service life of the structures. erefore, it is important to detect the health status of the prestressed structure at regular intervals.
e expression of the new analytical model [1, 2] is established to estimate the stress distribution of the prestressing tendon, which may have a very important influence on nondestructive detection. A series of studies [3] [4] [5] [6] [7] [8] show that the performance of prestressed concrete structures will be affected by the prestressed reinforcement corrosion and crack propagation. Under the cyclic loading, the cracks of the prestressed structure will further expand. And it will reduce the stiffness of the concrete structure. Saiedi et al. [9] have tested the performance of three 13-year-old concrete T-beams in the low-temperature environment. eir results show that the prestressed structures which were exposed to low temperature may reduce the strength by about 19%. Hou et al. [10] have done a series of studies on the mechanical performance of the prestressing tendons at 20-800°C. In their findings, the strength and stiffness loss of prestressed tendons are slower than those of traditional prestressed steel strands. It can be concluded that the temperature has a great influence on the structure and the steel strand. erefore, it is necessary to consider the influence of temperature on the prestress detection. e influence of time-dependent prestressed concrete members [11] puts forward an interesting conclusion that the change in the length of the transmission exists in some prestressed loading conditions, and the length of the transmission increases as time goes on. In other words, the prestress will decrease as the time goes by. Accordingly, the measurement of the steel strand is representative, and detection of the structure in real time is of great significance. Acoustic emission (AE) [4] [5] [6] is also an excellent method to monitor the materials' prestressing, and it uses the characteristics of acoustic information to detect the location and size of an acoustic source. Other studies [12] [13] [14] [15] such as the application of a new material (unbonded carbon fiber) and technologies (novel optico-acoustic and sensors on a single optical fiber) in the prestressed concrete have also made some progress.
e vibrating wire strain gauge (VWSG) [16, 17] and crack reopening method [18, 19] are two kinds of methods to measure the existing prestressed structures. VWSG is a nondestructive technique; however, crack reopening method to detect existing stress is a semidestructive method. And an embedded vibrating beam strain gauge (VBSG) [18] is used in T-beam to discover the existing stresses in prestressing strands. e first natural frequency, static displacement and strain of the concrete are used to calculate the existing stresses. However, the force of the concrete structure is influenced by the embedded gauge, and VWSG and VBSG are easily to be affected by environmental factors such as electromagnetic waves and the vibration of the structure. Owing to the fact that both VWSG and VBSG are embedded in concrete structures, they are consumables and cannot be reused.
e data acquisition systems and frequency measurement instruments are also much cheaper than the systems used on VWSG and VBSG. What is more, the test equipment which we design can be reused, and it is convenient to carry and can improve the efficiency of testing personnel.
In practical engineering, the length of the prestressed steel strand is up to tens of meters, while the length of the strand used in the test is only 1.2 m. e reason for this is that the purpose of the experiment is to verify the relationship between the stress and magnetism characteristic in Section 2.
e steel strand specimen is equivalent to the force model of the steel strand under the tensile force of the universal testing machine. e model which is used in the test can simulate the real stress state well. e aim of this study is to measure the stress of existing prestressed structures. Accordingly, an electromagnetic oscillation (EMO) method is proposed. To verify the effectiveness of this method, a series of stress tests by electromagnetic oscillation loading on two ends of the steel strand are implemented in laboratory. e form of the steel strand is similar to the inductance in an LC oscillation circuit. Meanwhile, an EMO circuit is created. It is based on the magnetoelastic effect to measure the electromagnetic oscillation frequency and calculate the stress of prestressed structures. e theory which is deduced in Section 2 can get a comparative result, and the most important is that the experimental data match theoretical derivation well.
Theory and Model

Formula Derivation.
As shown in Figure 1 , the inductance L in the electromagnetic oscillating circuit is parallel to the capacitance C. When a parallel resonance occurs, the voltage and current are in phase, as shown in Figure 2 .
And the vector diagram can be written as
And it can be drawn from circuit diagram 1 that
Under parallel resonance situation, there is no pure resistance in the circuit, and φ 1 � 90°. erefore, according to the above formula (1) to (2), the resonant frequency is obtained as follows:
where L is the inductance value of the steel strand, C is the capacitance value of the oscillator, and f is the oscillation frequency. For conductors, the conductor generates a magnetic field inside and around it when the current passes through it.
e magnetic lines of force are concentric closed rings, and the direction is determined by the right-hand rule. As the Advances in Materials Science and Engineering current changes, the flux changes. Assuming ψ � total flux chain, ϕ � flu, and N � turn, where the total flux chain ψ � Nϕ � LI, the inductance can be expressed as
As shown in Figure 3 , assuming r is the radius of the steel strand intersecting surface, I is the current value passing through it, and a constant H x is the magnetic field intensity of the concentric circular whose radius is x, the direction is tangent to the circle.
Assume I x is the electric current of circular cross section with radius x. According to the Ampere rules, it can be obtained as
where
e inductance of the steel strand is the result of the interaction between the internal flux linkage and the external flux linkage. For the inductance generated by the internal flux linkage, the skin effect is ignored here, and assuming that the current is evenly distributed inside the steel strand, then the current per unit area is equal and can be simply expressed as
Substituting I x in (6) leads to
For magnetic wires, the magnetic permeability is μ, and the magnetic flux density can be expressed as
It can be assumed that the strand is uniform in thickness, for the strand thickness is d x , length is l, and the magnetic flux differential dϕ x can be expressed as
is part of the magnetic flux is not around the whole strand but rather part of its cross-sectional area πx 2 . us, the current density is consistent, and the πx 2 /πr 2 has a magnetic flux linkage that can be written as
e internal magnetic chain inside the entire steel strand can be obtained by integrating dx from 0 to r:
e inductance produced by the internal flux chain of (4) is
For the inductance generated by the external magnetic flux, as shown in Figure 4 , it is assumed that the magnetic field strength of the concentric circular magnetic circuit is H x at the external radius x > r of the wire. Since the circle of radius x surrounds the entire current, the current flowing through the circular cross section of radius x is I x � I. For nonmagnetic wires, it is assumed that the magnetic permeability is μ 0 . According to formula (6), the magnetic flux density at radius x can be expressed as
Since this part of the magnetic flux surrounds the entire current, the magnetic chain is numerically equal to the magnetic flux. e differential dϕ x of the magnetic flux of the wire whose thickness is d x and length is l can be expressed as
e external magnetic chain between D1 and D2 can be obtained by integrating dΨ x from D1 to D2:
e inductance between the two external points of the wire can be written as
us, the total inductance can be expressed as
Since the strand is ferromagnetic, the magnetic permeability is μ ≫ μ 0 and the above equation is simplified as
where l 0 is the original length and Δl is the length increment. 
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According to the simplified constitutive relation of the linear elastic material, the stress value of linear elastic material can be expressed as
where E is the elastic modulus of steel strand and ε is the strain. It can be assumed that if H is the magnetic field intensity and B is the magnetic induction intensity, then the permeability is defined as
For the magnetic field strength H, the steel strand is equivalent to a long direct current wire, and the magnetic field strength can be expressed as
As the length changes of the steel strand stretching process are much larger than the cross-sectional area changes, the current size I and radius r are almost unchanged; hence, magnetic field strength can be regarded as unchanged.
e magnetic induction intensity B can be defined as
where M is the magnetization and μ 0 is the permeability of vacuum.
For the magnetization M, in the volume V of the magnet, a large number of magnetic dipoles are contained within this volume, and they all have magnetic moments. It is assumed that the magnetic moment of all the atoms of the steel strand is arranged along the direction of the steel strand; if the magnetic moment of each atom is m 0 , then the size of the total magnetic dipole can be expressed as
where ρ is the average density of the steel strand, M 0 is the molar mass, and N A is Avogadro's number, and the magnetization can be expressed as
Under the effect of stress, when a small length change occurs, the cross-section radius r is almost unchanged, or even it can be ignored, where we assume that the steel strand deformation is Δl, so the magnetization M size becomes
Combining (22), (23), and (26), it can be obtained that
en combining (3) and (28), the result of formula derivation can be obtained as follows: 
e results are shown in Figure 5 .
Experiments
According to the working principle of the LC oscillating circuit and the limitation of the piston stroke of the universal testing machine, a steel strand specimen whose both ends were insulated and derusted was used to verify the theoretical derivation. Both ends of the prestressed steel strand were clamped in the jaws of the universal testing machine to simulate the anchor zone, and then the axial force is applied to simulate the prestressing of the steel strand after stretching. e deformation of the steel strand, change of oscillation circuit frequency, and stress-strain curve can be observed by applying the force.
Manufacture of Steel Strand Sample.
e steel strand used in the test is a common 1 ×7 strand structure whose parameters are shown in Table 1 . e test specimens were made of steel strand with a length of 1.2 m, and both ends of the steel strand were polished with sandpaper. en, the wire and steel strand were welded by soldering, and it is essential that both ends of the wire's direction should be consistent. After the steel strand firmly welded the whit wire, both ends of the steel strand should be winded with the insulation adhesive tape without leaving gaps. e insulating electrical tape's winding length should be greater than the depth of the universal testing machine to avoid short circuit caused by direct contact. Finally, as the applied load is relatively large, only the electrical tape may cause the steel strand and the universal testing machine to slip which could lead to errors to the experimental data. In order to avoid this situation, both ends of the steel strand were wrapped with coarse insulating electrical tape to ensure the stability of the circuit and the steel strand.
Brief Introduction of
Circuit. An LC oscillator can be built by using the integrated circuit and some peripheral circuits, and the schematic is shown in Figure 6 . e LC oscillator module uses MC1648 as the oscillator chip, and the voltage comparator chip uses LM393. In addition, the signal conditioning module uses an LM393 chip. In the schematic, U1 is the oscillator chip, C1 is a resonant capacitor, C3 and C4 are power filter capacitors, and C2 and C5 are the input filter. Besides, L1 is the sum of the inductance of the steel strand and its series, capacitor R1 is the matching impedance, and the measuring range of the digital frequency meter module is between 20 kHz and 100 kHz.
e Process of Experiment.
During the experiments, the steel strand is preloaded to 2 kN, and the final load is set to 8 kN. Such small stress is chosen based on the following reasons: (1) we hope the deformation of the steel strand can be limited in elastic range to test multiple equal cycles; (2) due to the clip limitation of loading, much larger tension may cause relative slippage between the test machine and the strand.
Before the test, the universal testing machine was used to clamp the ends of the insulated steel strand. e wire, which was leaded from both ends of the steel strand, is oriented perpendicular to the surface of the paper. e jaw clamps the 2/3 position of the end of the insulated steel strand to confirm that the steel strand and wire are not directly contacted with the universal testing machine, and the joints were twined by insulating tape. And the structure of the experimental system is shown in Figure 7 .
e test procedure is as follows. Firstly, turning on the power supply of the oscillation circuit, the universal testing machine is used to preload the steel strand to 2 kN. After three times of loading, it is confirmed that the applied load and the deformation of the steel strand tend to be stable. Finally, the loading rate of 10 mm/min is loaded to 8 kN. In this period, the frequency meter collects the frequency data once per second, and the collected data are transmitted to the mobile device via bluetooth, and a total of 1 set of test data is collected during the loading process. After the data collection, the tension is unloaded to zero, and the change trend of the frequency is observed during unloading. At the end of a trial, the stress-strain data and corresponding curves are derived from the software which is used in the test. In this way, the same steel strand specimen is loaded 6 times, and a total of 6 sets of data are collected during these processes.
Experimental Results and Data Analysis
Experimental Results.
Under the same experimental conditions, the 6 loading tests have been completed. e effective data and the calculated data are shown in Table 2 . By analyzing the stress-strain curves corresponding to the frequency data in the same time, the data which are corresponding to the nonlinear part of the curve are removed. e median frequency, frequency repeatability error, and frequency standard deviation are calculated by the effective frequency data.
Data Analysis.
In the experiment, the steel strand is in the linear elastic stage. So, the stress of the steel strand increases with the increase of the applied load of the universal testing machine. And the increase of stress will lead to the increase of strain. In general, the load, stress, and strain of the steel strand increase with time.
As shown in Figure 8 , the median frequency calculated in Table 2 is in linear regression with time. e stress-strain curve is shown in Figure 9 ; the blue line indicates the stressstrain relationship between the stretching jaw and the steel strand without sliding, and the red line indicates that, under the same stress, the stress-strain relationship occurs in the case of relative slip.
e following conclusions can be drawn from the analysis:
(1) As can be seen from Loading 1, 2, 5, and 6, the oscillation frequency decreases with the increase of Advances in Materials Science and Engineeringtime, while the stress increases with the increase of time. It can be concluded that the oscillation frequency decreases with the increase of stress and has a linear relationship within a certain range. is is consistent with the theoretical derivation of the second part of the article. (2) As shown in Loading 3 and 4 of Table 2 , in the first 6 seconds, the stress and the oscillation frequency showed a good linear relationship. And with the increase of stress, the oscillation frequency decreased correspondingly. e subsequent 4 seconds have shown the opposite relationship; that is, the oscillation frequency increases with the increase of stress.
e reason is that the friction force between the two ends of the universal testing machine and the steel strand is smaller than the tensile force, which results in the relative sliding between the steel strand and the jaw of the universal testing machine. (3) Figure 9 also shows that, under the same stress, the strain of the steel strand is greater than that of the case without sliding. e tensile force of the steel strand after sliding decreases, and the oscillation frequency increases, which proves that the stress is inversely proportional to the frequency of oscillation. From the data of the frequency meter, the oscillation frequency increases with the unloading of stress. And it is also consistent with the theoretical derivation. (4) It can be concluded from the analysis of the relationship between the median frequency and time in Figure 8 that, with the increase of the stress in the steel strand, the oscillation frequency decreases and the linear relationship exists in a certain range. It is consistent with the theoretical derivation as well. (5) e relationships shown in Figure 8 show that the gradient of frequency variation is small in fixed time, and there is a certain relationship with the force rate of the steel strand. e bigger the test force rate is, the bigger the change frequency of the oscillation frequency is and the more obvious the frequency changes are.
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Conclusion
It is a challenging problem to detect the prestressing force of the structural steel strand in service concrete. e deformation of concrete, the relaxation of the prestressed steel strand, the corrosion of the steel strand, and the creep of concrete will cause the loss of prestress. However, the prestress loss has not been solved well, so it is important to detect the prestressed concrete structure effectively. e traditional method for detecting the prestressing force of the steel strand in the existing structure is complex, and the equipment that is used to obtain the prestressing force is expensive and inconvenient to carry.
e vibration frequency of the oscillating circuit is used to detect the loss of prestress in the steel strand, which avoids the damage to the structure caused by the prestress detection and provides a timely and accurate method for detecting prestress.
e idea of the whole system is to connect the steel strand to the oscillating circuit, and the steel strand is equivalent to inductance in the circuit. e vibration frequency of the circuit is obtained by vibration, and the prestressing force in the steel strand can be obtained by calculation. A series of experimental data show that there is a certain relationship between the prestress of the steel strand and the frequency of oscillation. e inverse proportion relationship between the stress and frequency is obtained by data analysis, which is consistent with the theoretical derivation of this paper. It is proved that the method of detecting the prestressing force in the steel strand by the oscillation frequency of the circuit is practicable. It is also verified the previous conjecture that there is a certain relationship between the electromagnetic force and the strand force.
Adopting the EMO circuit, the experiments have been greatly improved in measuring accuracy and range. e measuring force of the steel strand is closer to the actual situation. e frequency meter used in the experiment is in the range of 20-200 kHz, whose measuring range is larger than the original one. And the measurement accuracy is 0.001 kHz.
Compared with the traditional method, it is more convenient and feasible to measure the prestressing force of the steel strand by the oscillating circuit, and it can reflect the force of the steel strand without any damage to prestressed structures. Nevertheless, in the process of the steel strand, the experiment has failed to solve the rotation and frequency drift well. ese are the problems that we have to deal with in the next step.
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